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Abstract. The photoproduction of r?-mesons from 2 H and 4 He has been studied for energies close to the 
production thresholds. The experiments were carried out with the tagged photon beam of the Mainz MAMI 
accelerator. The ^-mesons were detected via their two photon decays with the electromagnetic calorimeter 
TAPS. Total cross sections, angular and momentum distributions of the rj- mesons have been determined 
for both reactions. The total cross sections in the threshold region show a large enhancement over the 
predictions of a participant - spectator model, indicating significant final state interaction effects. The 
results are compared to recent model calculations taking into account nucleon-nucleon and nucleon-?; final 
state interaction effects on different levels of sophistication. 

PACS. 13.60.Le meson production - 14.40.Aq tv, K and ?7-mesons - 25.20.Lj photoproduction reactions 



1 Introduction 

The interaction of mesons with nucleons and nuclei is one 
of the central issues in strong interaction physics. Detailed 
experimental and theoretical studies of the pion - nucleon 
and pion - nucleus interaction have largely contributed to 
this field. However, much less is known in case of the heav- 
ier pseudoscalar mesons, the rj- and ry'-mesons, which due 
to their short lifetimes are not available as beams. In par- 
ticular the 77-meson has recently attracted much interest. 
At small meson - nucleon relative momenta the situation 
for 77-mesons and pions is very different. This is due to 
the fact that an s-wave nucleon resonance, the Sn(1535), 
which is located very closely to the production threshold 
for ?7-mesons, couples strongly to the A^-system. As a con- 
sequence reactions like photoproduction of 77-mesons are 
completely dominated by the excitation of this resonance 
PP. This feature of the Ary-system has consequences for 
the interaction of 77-mesons with nuclei. It has even been 
argued 2\ that due to the Nrr-Nrj interaction in the in- 
state the AA?7-system might be bound. 

Most information of the A?7-interaction, in particular 
the 77-nucleon scattering length, has been extracted from 
coupled channel analyses of pion and photon induced me- 
son production reactions. Already in 1985 Bhalerao and 
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Liu |3] found an attractive s-wave Nrj interaction with a 
scattering length of a v = (0.27 + 0.22?) fm from such an 
analysis. Shortly afterwards, Liu and Haider 0] pointed 
out that for nuclei with A > 10 this interaction might 
lead to the formation of bound rj- nucleus states which they 
termed rj — mesic nuclei. Experimental evidence for such 
'heavy' 77-mesic nuclei was sought in different reactions 5 , 
ElCj j but so far with non-conclusive results. 

Substantial progress has been achieved during the last 
few years in the experimental study of ^-production re- 
actions. Precise experiments using hadron induced reac- 
tions (e.g. at CELSIUS, COSY, SATURNE) jHllrMflTTl 
ITSll 1 SII14II 1 5 j or photon induced reactions (e.g. at ELSA, 
GRAAL, JLAB, KEK, MAMI) [TTnW7llTHIlBlCT2lir2^1 
123) on the free nucleon and on nuclei have vastly improved 
the available data base. The new results for the elemen- 
tary reactions on the nucleon, in particular for the pho- 
ton induced reaction , have prompted several groups to 
re- analyse the 77 A interaction |24II25U26U27II28II29| . They 
found Ary-scattering lengths with real parts in the range 
0.5 -1. fm, considerably larger than the original result 
from Bhalerao and Liu 3 . Furthermore, strong thresh- 
old enhancements were observed in hadron induced re- 
production reactions. In the following the possible exis- 
tence of ^-nucleus bound states for the light nuclei 2 H, 3 H, 
3 He and 4 He was intensely discussed in the literature ^1 
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25 30 31 32 33,34,35 , but there is still some controversy 
regarding the necessary strength of the 77iV-interaction. 

The investigation of 77-production reactions from light 
nuclei in the threshold region is a very useful tool for the 
study of eta-nucleus interactions. The idea is, that final 
state interaction (FSI) of the 77-meson with the nucleus, 
in particular the formation of quasibound states in the 
vicinity of the production threshold, will give rise to an 
enhancement of the cross section relative to the expecta- 
tion for phase space behavior. Such deviations can also 
arise from FSI effects between the nucleons, which are not 
related to the ?7./V-interaction, so that the interpretation 
of the results needs at least reliable model calculations 
which account for these trivial effects. During the past 
five years ^-production near threshold was intensively in- 
vestigated in the reactions: pp — > ppr\ ^UJi n P ~~ > drj 
HU, pd -> ?7 3 He |U, dd -> 77 4 He QU, and pd -> pdrj [BJ. 
All reactions show more or less pronounced threshold en- 
hancements. 

Possible 77-nucleus FSI effects should show up indepen- 
dently of the initial state of the reaction. Photoproduction 
of 77-mesons from light nuclei is a clean tool for the prepa- 
ration of the 77 - nucleus final state with small relative 
momenta, but due to the small electromagnetic cross sec- 
tions no sensitive threshold measurements have been re- 
ported until now. Previously, 77-photoproduction from the 
deuteron was studied in two experiments carried out at 
the MAMI and ELS A accelerators [TBHTH) . which aimed 
at the extraction of the isospin composition of the electro- 
magnetic excitation of the Sn(1535) resonance. Both ex- 
periments did not reach the statistical accuracy necessary 
for a sensitive search for threshold effects. In the present 
paper we report the results from a new measurement of 
the d("f,r])X reaction with an improvement in counting 
statistics by one order of magnitude compared to ref. 16 
and the first measurement of the threshold behavior of 77- 
photoproduction from 4 He. The data have been measured 
as part of a systematic investigation of 77-photoproduction 
from light nuclei. The results from the He measurement 
concerning the isospin structure of the Sn(1535) excita- 
tion have been published in ref. |3b| . 

The excitation of the Sn(1535) resonance, which dom- 
inates 77-threshold production, involves an electromagnetic 
spin-flip transition which is predominantly of isovector na- 
ture. The isoscalar admixture in the amplitude contributes 
only at the 10% level [Tf>lll8ll22ll3T>j . Consequently, coher- 
ent 77-photoproduction, where the nucleus remains in the 
ground state, is suppressed for the J=l, 1=0 deuteron |18l 
12*2*] and almost entirely forbidden for the I=J=0 nucleus 
4 He As a result inclusive reactions are dominated 
by incoherent breakup processes. Nevertheless, close to 
threshold, energy conservation requires that the kinemat- 
ical conditions must be similar to the coherent process. 
The relative momentum of the Tip-pair in the yd — ► rjnp 
reaction must be small so that nucleon - nucleon FSI will 
certainly be important. 



2 Experiment and analysis 

Eta photoproduction from the deuteron and He was mea- 
sured close to the production thresholds at E 7 =627 MeV 
and 587 MeV, respectively. The experiments were car- 
ried out at the Glasgow tagged photon facility [SSj in- 
stalled at the Mainz Microtron (MAMI) [23 with the 
electromagnetic calorimeter TAPS 39,40 . A detailed de- 
scription of the setup and the analysis is given in 
Here we summarize only the most relevant aspects of the 
data analysis. The identification of photons was done with 
a time-of-flight measurement with typically 500 ps reso- 
lution (FWHM), the pulse-shape discrimination capabil- 
ity of the BaF2-scintillators, and the plastic scintillators 
mounted as charged particle veto detectors in front of the 
BaF2-crystals. The combination of these methods assures 
that contaminations from particles are below the 1 % level. 
The 77-mesons were then identified with a standard invari- 
ant mass analysis of coincident photon pairs using: 

mf nv = (E 1 +E 2 ) 2 -(p 1 +p 2 ) 2 =2£ 1 £ 2 (l-cos£i 2 ) (1) 

where Ei denotes the energies, Pi the momenta of the 
two photons and <Pi 2 the relative angle between them. 
Background in the invariant mass spectra originated only 
from events of multiple 7r°-photoproduction when two 
photons from different pions were observed and the other 
photons escaped detection due to the limited solid angle 
coverage of the detector. However, as shown with Monte 
Carlo simulations |36j . in the invariant mass spectra this 
background levels off under the low energy tail of the 77- 
peak and can thus be removed with a cut on the invari- 
ant mass. The fact that the excitation functions for 77- 
photoproduction (see fig. E| are consistent with zero below 
the respective 77-production thresholds is further evidence 
that this background was completely removed by the in- 
variant mass cut. 

The detection efficiency of the TAPS-detector for 2j- 
decays of 77-mesons was determined with Monte Carlo sim- 
ulations based on the GEANT-code It was previ- 
ously demonstrated 0O| that this simulations reproduce 
the photon response of the detector very precisely. The 
detection efficiency e v (O ri ,T v ) depends only on the labo- 
ratory polar angle V and the laboratory kinetic energy T v 
of the 77-mesons, which were both measured in the experi- 
ment. The efficiency was not large due to the limited solid 
angle coverage. However, in the investigated range of inci- 
dent photon energies it was not zero for any kinematically 
possible combination of V and T^, because always some 
fraction of the decay photon pairs was in the acceptance 
of the calorimeter. This is demonstrated in fig. ^ where 
for one range of incident photon energies the detector ef- 
ficiency and the measured distribution of 77-mesons are 
compared. Therefore no model assumptions were needed 
for the determination of the efficiency correction. It was 
obtained from the Monte Carlo simulations as function 
of O v and and corrected event-by-event. Finite resolu- 
tion effects were accounted for in an iterative procedure: 
in a first step e v was simulated with an isotropic angular 
and energy distribution of the 77-mesons. This efficiency 
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Fig. 1. Detector acceptance for 77- mesons as function of the 
laboratory polar angle and the laboratory kinetic energy of the 
mesons. Upper part: efficiency calculated with Monte Carlo 
simulation. Lower part: measured distribution of rj- mesons for 
incident photon energies 660 - 680 MeV. 



was then used to correct the data and in the following the 
distributions extracted from the data were used as input 
for the simulations. This procedure converged after 1-2 
iterations. The efficiency correction for the total cross sec- 
tion determined this way varies smoothly between 6.5 - 5 
% for the first 50 MeV of incident photon energies above 
the production thresholds. The systematic uncertainty of 
the efficiency is below 5 %. This uncertainty has been in- 
vestigated in detail for the 7^ — > pr] reaction 02] ■ In this 
case the 37r°-decay of the 77-meson was analysed in addi- 
tion to the 27-decay. The two decay channels have very 



different detection efficiencies both on an absolute scale 
as well as for the energy dependence. The energy depen- 
dence of the excitation functions extracted from the two 
decay channels agreed within the statistical uncertainties 
of a few per cent. The absolute value of the cross section 
ratio was consistent with previous measurements of the 
ratio of the decay widths r^^-y /-f??— ►Stt but had even a 
smaller uncertainty. 

The absolute normalization of the cross sections was 
obtained from the target thicknesses and the intensity of 
the photon beam. The latter was determined by counting 
the deflected electrons in the tagging spectrometer and 
measuring the tagging efficiency (i.e. the fraction of the 
correlated photons which pass through the photon colli- 
mator) by moving a BGO-detector into the photon beam 
at reduced intensity. The uncertainty of this normalization 
is estimated as 3 %. 

The threshold behavior of 77-photoproduction was stud- 
ied in inclusive experiments where only the 77-mesons were 
detected. Exclusive measurements of quasifree //-photo- 
production from the neutron via coincident detection of 
recoil nucleons at higher incident photon energies and 
an exclusive measurement of coherent 77-photoproduction 
from the deuteron via coincident detection of the recoil 
deuterons [55] are reported elsewhere. 

3 Results and discussion 

The measured total cross sections are shown in fig. El In 
the helium case, the data are consistent with zero at in- 
cident photon energies below the breakup threshold. This 
agrees with the expectation that the cross section of the 
coherent reaction is negligible. A small coherent contribu- 
tion might be visible for the deuteron between the coher- 
ent and breakup thresholds. For deuterium also the older 
data |16| with larger statistical errors is shown. The two 
data sets are in good agreement within their statistical un- 
certainties. Very close to threshold both data sets might 
exhibit a structure, which however is not statistically sig- 
nificant. 

In a first step the data are compared with a simple 
participant - spectator model in the impulse approxima- 
tion. This model assumes that the ratio cj n /a p of the cross 
sections for 77-photoproduction from the proton and the 
neutron is constant over the investigated energy range. 
A Breit-Wigner fit to the proton data [Tlllfi| was folded 
with the momentum distribution of the bound nucleons 
and normalized to the nuclear data by a constant factor 
representing the cross section ratio a n /a p . The momen- 
tum distributions of the nucleons were generated from 
the deuteron 021 and helium wave functions. The latter 
was calculated from the measured 4 He charge form fac- 
tor 02]. The proton form factor was unfolded and the 
proton spatial density was generated via a Fourier trans- 
formation. The spatial wave function was taken as square 
root of the density distribution and the wave function in 
momentum space was calculated from a second Fourier 
transformation. This is based on the assumptions that 
4 He is purely s-wave and protons and neutrons have the 
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Fig. 2. Total cross sections for r\ photoproduction from the 
deuteron (upper part) and 4 He (bottom part). Main plots: 
threshold region; inserts: full measured energy range. The 
dashed vertical lines indicate the coherent and quasifree thresh- 
olds. Solid curves: impulse approximation. For deuterium: open 
triangles: data from ref. |16| dash-dotted curve: model with 
AW FSI (Sibirtsev et al. ]Ml), dashed curve: model with first 
order AW and t]N FSI (Fix et al. ggj), dotted curve: three 
body model (Fix et al. |47|1 



same distributions. As already reported in |16II36| good 
agreement between model and data over a large energy 
range is obtained in both cases under the assumption that 
Cn/fp ~ 0.66. This result also agrees with exclusive ex- 
periments where the cross section ratio is determined via 
coincident detection of the 77-meson and the recoil nuclcon 
|18U36| . However, in the threshold region the data are sig- 
nificantly underestimated by this model. For both nuclei 
the measured cross sections rise much faster than the pre- 
dictions at energies above the breakup threshold. The size 
of the effects is more visible in fig. El where the data are 
divided by the impulse approximation calculation. 

The large enhancement over the impulse approxima- 
tion at threshold is evidence for substantial FSI effects, 
which are not included in the model. In the deuteron case 




680 



;25 



o 

6 20h 



E y [MeV] 



15 



10- 



600 



610 



620 



630 



640 



650 



660 



E y [MeV] 



Fig. 3. Experimental data and model calculations normalized 
to the impulse approximation. The curves correspond to the 
same models as in fig.|5|and are also normalized to the impulse 
approximation. 



model calculations from different groups, which include 
nucleon - nucleon and nucleon - r\ FSI effects, have re- 
cently become available and are compared to the data 
in figs. El El Sibirtsev et al. @B] have studied in detail 
the influence of AW FSI on the cross section. In agree- 
ment with our results they reproduce the cross section 
in impulse approximation at higher incident photon en- 
ergies but find a significant contribution of AW FSI in 
the threshold region. Interestingly, in contrast to hadron 
induced 77-production, the AW FSI effects turn out to be 
rather insensitive to details of the AW potential. How- 
ever, already a comparison 46 to our older low statistics 
data 16 suggests that the effects of AW FSI are not large 
enough to explain the threshold enhancement. This result 
is corroborated by the new data (see figs. El El dash-dotted 
curves). This is an indication that Nr] FSI must be im- 
portant. Fix and Arenhovel have calculated FSI effects 
from AW and Nr] rescattering 0^1 • They also find a sig- 
nificant contribution from AW rescattering but less im- 
portant effects from A^-rescattering. However, their final 
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Fig. 4. Angular distributions of the r\ mesons in the photon-nucleus cm system. The data are divided in 5 energy bins above 
threshold and one bin below threshold which shows that background is negligible. Left hand side: deuterium, right hand side: 
helium. Solid curves: impulse approximation. The dashed, dash-dotted and dotted curves for deuterium are the model predictions 
from 1451461471 as in figs. H ED 



result (see figs. |21 EU dashed curves) still underestimates 
the threshold data. Very recently the same authors have 
presented a Faddeev type three-body calculation of the 
NNrj-system with separable two-body interactions |47| . 
In this calculation they find that the r]NN three-body as- 
pects are important in the threshold region. The result 
of this model (see figs. |3 dotted curves) is close to the 



data in the threshold region but seems to underestimate it 
at higher incident photon energies. However, the authors 
mention that in order to treat explicitly the three-body as- 
pects they have simplified some other model ingredients. 
In particular, they have neglected the d-wave component 
of the deuteron wave function and the short range NN- 
repulsion. Both effects are expected to reduce the pure 
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Fig. 5. Momentum distributions of the 77-meson in the photon-nucleus cm frame. Solid curves: participant - spectator model 
folded with the experimental resolution. The dashed and dash-dotted curves for deuterium are the model predictions from (451 
EH] as in figs. 121 151 



s-wave cross section in the threshold region. The agree- 
ment with the data therefore must be taken with some 
care. 

Model predictions including FSI effects are not yet 
available for the 4 He case. Here, the situation is much 
more complicated since calculations must account for the 
various exit channels pt, n 3 He, dd, pnd, 2p2n with the cor- 
responding kinematical thresholds. The successive open- 



ing of the thresholds could also contribute to the observed 
threshold enhancement, although the shape of the rela- 
tive enhancement looks quite similar for the deuteron and 
helium case. 

Further clues to the nature of the threshold enhance- 
ment can be expected from the angular and momentum 
distributions of the 77-mesons. In figs. 14151 they are sum- 
marized and compared to the results of the models. The 
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angular distributions (see fig.0J in the photon - nucleus cm 
system agree quite well with the impulse approximation at 
the highest incident photon energies close to the position 
of the Sn(1535) resonance. In the case of deuterium the 
agreement is reasonable down to photon energies around 
650 MeV, but for helium an excess at backward angles 
develops already at higher energies. As expected, effects 
beyond the plane wave approximation are larger for the 
strongly bound helium nucleus. Very close to threshold 
the measured angular distributions are almost isotropic. 
The shape change of the angular distributions as a func- 
tion of the incident photon energy is partly due to the 
reaction kinematics. As already mentioned, the dominant 
production processes of the 77-mesons are breakup reac- 
tions where the meson is produced on an individual nu- 
cleon that is subsequently knocked out of the nucleus. The 
elementary reaction on a nucleon through the Sn excita- 
tion is almost pure s-wave. Consequently, as long as Fermi 
motion is neglected the angular distributions are expected 
to be isotropic in the cm frame of the photon and a nu- 
cleon at rest. This behavior has been demonstrated for 
the deuteron ]JQ and is also largely true for helium, al- 
though in this case some enhancement at backward angles 
is visible at all incident energies [21] ■ The angular distri- 
bution shown here refer to the slower photon - nucleus rest 
frame so that they appear forward boosted. Since at low 
incident photon energies, energy conservation enforces an 
asymmetric selection of Fermi momenta antiparallel to the 
incident photon momentum, the 'true' average cm frame 
has a velocity somewhere in between the two extremes and 
moves closer to the photon - nucleus frame. But this kine- 
matical effect, which is included in the impulse approx- 
imation, does not explain the observed change in shape 
close to threshold. This is again an indication for signifi- 
cant FSI effects. However, for the photon energy range 630 
- 640 MeV also the model results for deuterium with TV TV 
[4*6] or NN and nN gH] FSI effects predict a rise of the 
cross section from backward to forward angles by a factor 
of 3 - 4, which clearly does not agree with the observed 
isotropy. Only the three-body calculation @7J shows a flat- 
ter behavior. 




p* [MeV/c] 



Fig. 6. Momentum distributions of the 77-meson in the photon- 
nucleus cm frame. Solid curves: participant - spectator model 
folded with the experimental resolution. Dotted curves: par- 
ticipant - spectator approximation without finite resolution ef- 
fects. Dashed curve: calculations from ref. |45) . 



The momentum distributions in the photon - nucleus 
cm frame are compared to model predictions in fig. El 
Again the shape of the distributions is nicely reproduced 
by the participant - spectator approximation at high in- 
cident photon energies but not in the threshold region. 
The models with final state interaction from |45II46| (pre- 
dictions from ref. 07J are not available) reproduce the 
deuterium data much better at lower energies. Here one 
should note, that Monte Carlo simulations of the detector 
response indicate that in contrast to the angular distri- 
butions the momentum distributions are significantly af- 
fected by the finite detector resolution. The plane wave 
approximation was therefore folded with the detector re- 
sponse. This could not be done for the model predictions 
so that most of the disagreement between models and data 
at high momenta is artificial. The size of the effect is shown 
in fig. where for one energy range folded and unfolded 
participant - spectator model predictions are compared to 
the data. The resolution effects somewhat broaden the mo- 
mentum distributions but do not shift them. The model 
predictions from |45| are not folded with the experimental 
resolution which explains the sharp cutoff at large mo- 
menta. 



4 Conclusions 

It has been shown, that in rj photoproduction from 2 H 
and 4 He the total cross section at threshold is strongly 
enhanced with respect to an impulse approximation cal- 
culation. In the case of deuterium, where calculations are 
available, models which include NN and nN FSI effects 
account for only part of this enhancement. Only a re- 
cent three-body calculation of the N Nrj-system is in bet- 
ter agreement with the threshold data but fails at higher 
incident photon energies. Both the angular and the mo- 
mentum distributions of the mesons show evidence for 
significant final state interaction. The enhancement bears 
some similarities to the threshold behavior of 77-production 
found in hadron induced reactions which has been taken 
as tentative evidence for the formation of 77-nucleus quasi- 
bound states. However, no firm conclusion as to FSI being 
strong enough to give rise to quasi-bound states can be 
drawn at this stage. 
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